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Transport of strongly interacting fermions governs modern materials – from the high-Tc cuprates to bilayer
graphene –, but also nuclear fission, the merging of neutron stars and the expansion of the early universe. Here
we observe a universal quantum limit of diffusivity in a homogeneous, strongly interacting Fermi gas of atoms
by studying sound propagation and its attenuation via the coupled transport of momentum and heat. In the
normal state, the sound diffusivity D monotonically decreases upon lowering the temperature T , in contrast to
the diverging behavior of weakly interacting Fermi liquids. As the superfluid transition temperature is crossed,
D attains a universal value set by the ratio of Planck’s constant h and the particle mass m. This finding of
quantum limited sound diffusivity informs theories of fermion transport, with relevance for hydrodynamic flow
of electrons, neutrons and quarks.
Transport in fermionic quantum matter lies at the heart of
phenomena as varied as superconductivity in cuprates [1] and
bi-layer graphene [2], inspirals of neutron star binaries [3] and
perfect fluidity of the early universe [4]. For hydrodynamic
flow, transport is governed by diffusion, via which spatial vari-
ations in globally conserved quantities, such as momentum,
energy, charge, or spin, decay at a rate set by the correspond-
ing diffusivity. A ubiquitous example is the attenuation of
sound in fluids, where the modulation in current density and
temperature causes diffusion of momentum and heat, leading
to attenuation of sound at a rate set by the sound diffusivity
D. The magnitude and temperature dependence of sound dif-
fusivity reveal many of the characteristic features of the un-
derlying substance.
Kinetic theory yields an estimate of D ' vl, where v is
the average velocity of the particles and l their mean-free
path, which can vary over many orders of magnitude between
substances. However, for strongly interacting quantum liq-
uids and gases, a certain universality of diffusion coefficients
may be expected. Here, the mean-free path becomes on the
order of the interparticle spacing, and the velocity takes on
the Heisenberg-limited value v ∼ ~/ml leading to a limiting
value of D ∼ ~/m, independent of the details of the micro-
scopic interactions [5]. Indeed, such limiting values are ob-
served for the spin diffusivity in a unitary Fermi gas [5], as
well as the momentum diffusivity (the kinematic viscosity)
in both the quark-gluon plasma of the early Universe and the
unitary Fermi gas [4]. Remarkably, the quantum liquids of
bosonic 4He and fermionic 3He display similar sound diffu-
sivities of D ∼ ~/m around 4 K [6, 7]. However, upon low-
ering the temperature into the deeply degenerate regime, these
two quantum liquids display strikingly different behaviours in
the damping of sound. Down to about one Kelvin, the sound
attenuation in 4He does not vary strongly with temperature,
decreasing only by a factor of two across the superfluid tran-
sition, with a minimum of D ' 0.5~/m [6, 8]. On the other
hand, 3He features a diverging diffusivity
(∝ 1/T 2), char-
acteristic of a Fermi liquid, growing to ∼50,000 ~/m around
2 mK, followed by a steep drop at the superfluid transition and
settling to a value of ∼5,000 ~/m [7]. A priori, it is unclear
whether the temperature dependence of sound attenuation in
a strongly interacting, fermionic gas – of atoms, electrons or
neutrons – should resemble at all that of a quantum liquid;
and if so, whether it corresponds more closely to the strongly
interacting, but bosonic, liquid 4He or to the fermionic, but
weakly interacting, liquid 3He.
Ultracold atomic Fermi gases at unitarity are a prototyp-
ical strongly interacting quantum fluid for transport experi-
ments [9–13]. Featuring a mean free path as short as one
interparticle spacing, these systems display the most robust
form of fermionic superfluidity and near-perfect hydrody-
namic flow even in the normal state [14–16]. The presence
of scale invariance leads to universal physics [11–13, 17–19]
and transport properties [5, 20–22], offering a direct connec-
tion to a host of strongly interacting Fermi systems across
all energy and length scales from nuclear matter to neutron
stars. For the unitary Fermi gas, scale invariance implies
that sound diffusivity must remain the same upon changing
all length scales by the same factor. The diffusivity is thus
~/m times a universal function of T/TF, the temperature T
normalized by the Fermi temperature TF that only depends on
the particle density n [23]. At non-degenerate temperatures
T  TF, we expect a unitary Boltzmann gas, where the ther-
mal wavelength λ =
√
2pi~2/(mkBT ) sets both the mean free
path and the typical velocity of excitations, l ∼ 1/(nλ2) and
v ∼ ~/(mλ), implying D ∼ (~/m)(T/TF)3/2. In the quan-
tum critical regime of the unitary gas [24, 25], at T ∼ TF, the
interaction and thermal energies are comparable and even the
nature of the equilibrium state is a subject of debate [26, 27].
At low temperatures T  TF, it remains unknown whether the
sound diffusivity diverges as 1/T 2 [28], as in the Fermi liquid
3He [29, 30], and whether any sudden drop in the sound diffu-
sion occurs upon entering the superfluid regime. Predictions
for the kinematic viscosity vary from zero [31], as suggested
by experiments on expanding inhomogeneous gases [20, 22],
to infinity if phonon damping dominates [21, 32].
Transport experiments on Fermi gases have thus far em-
ployed harmonic traps [13] or terminal configurations [33,
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FIG. 1. Sound waves in a homogeneous unitary Fermi gas. (A) Sound is excited by modulating the intensity of one of the laser walls (i) and
the resulting density wave is observed via an in situ absorption image, shown for both an unperturbed (ii) and modulated (iii) sample. Here
the modulation frequency is 2pi × 600 Hz. Taking their difference (iv) and integrating along the homogeneous radial trap axis reveals (v) a
perturbation in the fractional density difference ∆n/n, propagating along the axial direction z and exhibiting a well-defined wavenumber k
corresponding to the applied modulation frequency ω. (B) Dispersion of sound ω(k). The fitted slope (black line) provides the speed of sound.
The insets display sound waves observed at ω = 2pi × 500 Hz and 2pi × 850 Hz. Errors in the measured k are smaller than the point size.
(C) Measurement of the universal relation between the measured speed of sound and the energy-per-particle E/N (see text). The black solid
line shows the predicted linear dependence for any non-relativistic scale invariant system in 3D; mc2 = 10
9
E/N . Data are shown for both the
normal (red) and the superfluid (blue) phase.
34], and have been used to probe collective oscillations [35–
37], spin transport [5, 38, 39], viscosity [20], conductivity [33]
and Josephson oscillations [34]. However, obtaining trans-
port coefficients of homogeneous matter from inhomogeneous
samples in atom traps requires sophisticated analysis and as-
sumptions on the spatial flow profile [5, 20]. With the recent
advent of optical box traps [40–43], it is now possible to di-
rectly probe the transport properties of homogeneous quantum
gases [43–46]. The gas is then in the same state throughout
and transport properties are identical across the system.
Measurements of transport properties involve the response
of a system to an external drive. In linear response, an ap-
plied potential V couples to perturbations in the fluid density
δn = χV via the density response function χ. Sound corre-
sponds to a resonant response, that is a pole in χ at a frequency
ω = ck, set by the speed of sound c and wavenumber k, in the
vicinity of which χ(ω, k) ∼ 1/ (ω2 − c2k2 + iΓω) [47, 48].
Here, Γ is the damping rate of sound, given by Γ = Dk2 [49]
for hydrodynamic systems. Measurements of χ and Γ thus
directly provide the sound diffusivity. Experiments involving
liquid helium have used a number of techniques to measure
χ, from free decay of resonant modes in a cylindrical res-
onator [6, 7] to Brillouin scattering off of sound waves [50].
In our homogeneous quantum gas, the constant background
density enables an ideal realization of a density response mea-
surement (see Fig. 1A). We employ an equal two-state mix-
ture 6Li atoms with resonant interstate interactions, confined
to a cylindrical optical box potential composed of three re-
pulsive laser beams: a hollow cylindrical beam providing the
radial confinement (radius 60 µm), and two sheets of light
serving as endcaps (length L ∼ 100 µm) [41]. The num-
ber N ∼ 106 of atoms per spin state yields a Fermi energy
of EF = ~2k2F/(2m) ∼ h× 10 kHz. To inject sound waves,
we sinusoidally modulate the intensity of one endcap beam,
which drives the gas at a well-defined frequency ω, and a wide
range of spatial wavenumbers, Fourier limited by the width
∼ 4µm of the endcap potential’s edge (see Supplementary In-
formation). At the given driving frequency, the resonant sound
response of the gas is dominated by a specific wavenum-
ber k = ω/c, resulting in a traveling wave of sound. An in
situ absorption image is taken after an evolution time suffi-
ciently short such that no reflections occur, and the resonant
wavenumber k is directly measured (Figs. 1A(iii-iv)). By re-
peating this protocol for different drive frequencies, we obtain
the dispersion relation ω(k) for wavenumbers k < 0.14kF .
(Fig. 1B). It is linear within our measurement error, corre-
sponding to a constant speed of sound c = ω/k as a function
of wavenumber. We note that at wavelengths approaching the
interparticle spacing, and thus at momenta ~k approaching the
Fermi momentum (k ∼ kF), deviations from linear sound dis-
persion are expected for the unitary Fermi gas [51].
The precise measurement of the speed of sound allows a
sensitive test of scale invariance of the unitary Fermi gas.
In general, the speed of isentropic sound propagation is di-
rectly tied to the equation of state via the hydrodynamic re-
lation mc2 = (∂P/∂n)|S = (V 2/N)(∂2E/∂V 2)
∣∣
S
. Here,
E is the energy, S is the entropy, V is the volume, and
P = −(∂E/∂V )|S is the pressure of the gas. A remarkable
property of all non-relativistic scale invariant systems in 3D
is that their total energy scales as E ∝ V −2/3; this follows
from the scaling behavior E → E/λ2 under dilation of space
by a factor λ. This directly yields mc2 = (10/9)E/N , inde-
3A CB
FIG. 2. Normal modes of the cylindrical box trap. The steady state density response of the gas is obtained by modulating the container walls
at frequency ω for 30 cycles of the drive. Standing waves of sound corresponding to the normal modes in the box are observed at frequencies
ωj = jpic/L ≈ 2pij × 77 Hz (where j ∈ Z), the first five of which are shown in (A). The full sonogram is shown in (B). Here, each row of
pixels corresponds to a particular realization of the experiment at a given frequency. The spatial Fourier transform directly yields the density
response function Im[χ(k, ω)] (C). It reveals well-defined resonance peaks exhibiting both the linear dispersion of sound and increasing widths
in frequency at higher wavenumbers, corresponding to increased rates of sound attenuation.
pendent of temperature or the phase of matter. In Fig. 1C we
show the measured speed of sound as a function of the energy
per particle E/N , obtained from an isoenergetic expansion of
the gas from the box into a harmonic trap [52]. For both su-
perfluid and normal samples (blue and red, respectively), the
scale invariant prediction (solid black line) captures the data
well with no free parameters. This demonstrates the univer-
sality of the speed of sound and scale invariance in the unitary
Fermi gas in the explored window of temperature.
The attenuation of sound is already apparent in the spatial
decay of the travelling waves shown in Fig. 1. For a preci-
sion measurement of the sound diffusivity, we now turn to
the steady state response of the system to a continuous drive,
which directly reveals the density response function χ. The
intensity of one of the endcap laser walls is modulated for a
sufficiently long time such that the evolution has reached the
steady state regime. After an integer number of driving cy-
cles, the spatial Fourier transform of the density yields the
out-of-phase response of the system, or Im[χ(ω, k)] (see Sup-
plementary Information). This quantity also gives the average
power absorbed by the system for a drive at frequency ω and
spatial frequency k, and thus directly reveals the poles of χ
as resonances. The measurements are summarized in Fig. 2.
Each row of pixels in Fig. 2B shows the fractional density
modulation at a particular drive frequency after integration
along the radial axis. This ‘sonogram’ reveals discrete normal
modes, the first five of which are shown in Fig. 2A. The spatial
Fourier transform, giving the out-of-phase response function,
is shown in Fig. 2C. For each normal mode in the box, it fea-
tures a peak at ω = ck. The sound attenuation rate can be seen
to increase with k, revealed in both a broadened frequency re-
sponse as well as a reduced peak height.
The density response Im[χ(ω, kj)] at the wavenumber
kj = jpi/L of the jth normal mode of the box is shown in
Fig. 3A, along with Lorentzian fits (solid lines). The full-
width-at-half-maximum yields the damping rate of sound Γ,
which is shown as a function of k in Fig. 3B, for gases
both above (red and green) and below (blue) the superfluid
transition. At temperatures above the transition to superflu-
idity, T > TC = 0.17 TF [18] we observe Γ(k) to increase
quadratically with k for all explored wave numbers (k .
0.3mc/~). This establishes diffusive damping of sound in the
normal regime, as expected in the collisionally hydrodynamic
regime [14, 54].
Below the superfluid transition temperature, T < TC, we
observe a crossover from quadratic scaling of Γ(k) at wave
numbers k . 0.2mc/~ to linear behaviour, indicating a depar-
ture from purely hydrodynamic transport at high wave num-
bers. This is expected when the modulation frequency be-
comes comparable to the damping rate of thermal phonons
Γph [32, 53]. Collisionless or Landau damping of sound is
due to non-linearities resulting from the kinetic energy den-
sity carried by sound and the density dependence of the speed
of sound. Fermi’s Golden Rule yields a rate Γph ∝ k [32, 47]
proportional to the energy ~ck carried by a phonon. Includ-
ing a non-zero damping rate of phonons Γph yields a crossover
from hydrodynamic to collisionless damping as the sound fre-
quency ck exceeds Γph [53]. The relation Γ = Dk2f(ck/Γph)
with f(x) = tan−1(x)/x [53] shows a good agreement with
the data (solid line), with Γph = 0.27(8) kBT/~ hinting at
4A
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FIG. 3. Spectral response of sound and its attenuation rate. (A)
The imaginary part of the density response function at each nor-
mal mode wavenumber kj displays a well-defined peak in frequency,
whose full-width-at-half-maximum yields the mode damping rate Γ.
This is obtained from a Lorentzian fit, shown by solid lines. (B)
Damping rate Γ(k) for gas temperatures T/TF = 0.36(5) (red cir-
cles), 0.21(3) (green squares) and 0.13(2) (blue triangles). For all
temperatures, Γ(k) displays the characteristic quadratic scaling at
low momenta implied by diffusive damping. For our coldest samples,
as k increases we observe a deviation from this behaviour, revealed
by a crossover to linear scaling. At all temperatures and wavenum-
bers, our data are well-captured by the model of [53] (solid lines)
which accounts for the finite relaxation rate of the fluid.
quantum critical damping [25]. We note that the observation
of quadratic scaling of Γ with k at low wave numbers implies
that sound is primarily attenuated in the bulk, and that edge
effects are negligible [49, 55].
As the main result of this work, we present in Fig. 4 the
sound diffusivity D = Γ/k2 of the unitary Fermi gas, ob-
tained from the damping of low momentum sound modes. The
measured values are expressed in units of ~/m, demonstrating
universal sound diffusion.
Generally, the sound diffusivity contains contributions from
both the bulk and shear viscosity, ζ and η respectively, (which
damps momentum gradients), and the thermal conductivity κ
(which damps temperature gradients) [49]. However, for a
scale invariant fluid, the bulk viscosity vanishes [56] and D =
Dη +Dκ only, with Dη = 4η/(3mn) and Dκ = 4κT/(15P )
(see Supplementary Information). We note that our measure-
FIG. 4. Temperature dependence of the sound diffusivity. For
temperatures comparable to the Fermi temperature, the sound diffu-
sivity (D, normalized by ~/m; blue circles) approaches the expected
high temperature scaling of T 3/2 (solid black line). As the temper-
ature is lowered, D decreases monotonically and attains a quantum-
limited value close to ~/m. Below the superfluid transition (vertical
red line, from [18]), D is observed to be almost independent of tem-
perature and condensate fraction (nC , red circles). From the transi-
tion temperature (nC = 0) to the coldest temperatures (nC ∼ 0.8),
the changes in D are within the standard error of the measurements.
Theoretical predictions for D: the dashed orange line is from the
sound attenuation length calculated in the framework of kinetic the-
ory [23] and the dashed green line is from a calculation of shear
viscosity [21] assuming a Prandtl number of 2/3.
ments of D therefore constrain the relationship between the
viscosity and thermal conductivity, which is usually quanti-
fied by the Prandtl number Pr = cP η/κ [49], where cP is the
specific heat at constant pressure (see Supplementary Infor-
mation).
The solid black line in Fig. 4 shows a prediction D =
6.46 (~/m)(T/TF)3/2, which uses the high-temperature re-
sults for viscosity [21, 57] and thermal conductivity [21, 23],
along with the ideal gas equation of state. This simple model
captures the high-temperature behaviour well without any free
parameters. However, it is expected to underestimate D when
T/TF . 1 since it neglects the suppression of scattering aris-
ing from Pauli blocking.
As the temperature is reduced, D smoothly drops to a value
5∼ ~/m, consistent with Heisenberg-limited diffusivity. No-
tably, at intermediate temperatures, we neither observe the
D ∼ 1/T 2 scaling typical of a Fermi liquid, nor any sudden
change at the superfluid transition. This is further demon-
strated by the inset of Fig. 4, where we show a magnified
plot of D (blue points) in the vicinity of the superfluid tran-
sition (vertical red line) [18]. Also shown is the measured
pair condensate fraction (red points), which both indicates su-
perfluidity and provides a robust thermometer in the super-
fluid phase [13]. Despite the definitive onset of pair conden-
sation, we observe no measurable sharp feature in the diffusiv-
ity, which remains approximately constant as the temperature
is reduced.
This behaviour can qualitatively be understood as follows.
In the superfluid phase, viscosity arises entirely from the nor-
mal component, i.e. the gas of thermal excitations, giving
a diffusivity D ∼ (nn/n)lv, where nn is the density of the
normal component, l the mean free path of thermal excita-
tions, and v their average velocity [28, 58]. At the temper-
atures studied here, the normal component is dominated by
broken pairs [13] of number density nex ∝ e−∆/kBT , with
∆ ≈ 0.4 EF the pairing gap [59], and thus nn ∝ nex is expo-
nentially low. However, the mean-free path between collisions
is at the same time exponentially large, so that D is indepen-
dent of nex and close to its value at T = Tc [28, 58]. Given
a Fermi distribution broadened by ∆ around the Fermi mo-
mentum, Pauli blocking will result in a value of D ∼ ~m E
2
F
∆2 .
In the unitary Fermi gas, ∆ ∼ EF [37, 59], giving a diffusiv-
ity D ∼ ~/m, consistent with our observations. In contrast,
the pairing gap in 3He is ∆/EF∼10−3EF, leading to a much
larger value of D ∼ 5,000 ~/m [55, 60].
In conclusion, we have measured the sound diffusivity
of the unitary Fermi gas, with direct relevance to the flow
of neutron matter at 25 orders of magnitude higher den-
sity. The diffusivity approaches a Heisenberg-limited value
of ~/m at low temperatures, similar to the strongly interact-
ing, bosonic quantum fluid 4He. In contrast to Fermi liquid
behavior seen in weakly interacting fermionic systems, the
diffusivity monotonically increases with increasing temper-
atures and eventually follows the high-temperature behavior
D ∼ ~/m(T/TF )3/2. The measured sound diffusivity con-
strains the shear viscosity and thermal conductivity of the uni-
tary Fermi gas. In particular, combined with the calculated
kinematic viscosity in [21] we find a Prandtl number strictly
lower than unity for all explored temperatures (see Supple-
mentary Information). This excludes the existence of a rela-
tivistic conformal gravity dual of the unitary Fermi gas [61],
as this would require Pr = 1. Thanks to the scale invari-
ance of the unitary Fermi gas, the results obtained here apply
broadly to other strongly interacting forms of fermionic mat-
ter, from hydrodynamic electron flow to nuclei and neutron
matter.
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Supplementary Information
Sample preparation and sound injection. The strongly interacting unitary Fermi gas was realized using an equal mixture of
the first and third lowest hyperfine states of 6Li, |1〉 = |mJ = − 12 ,mI = 1〉 and |3〉 = |− 12 ,−1〉 respectively, with magnetic
fields tuned to an interstate Feshbach resonance centered at∼690 G [62, 63]. The temperature and density were calibrated using
the measured equation of state [18]. Sound waves were generated by sinusoidally modulating the intensity of one of the endcap
laser sheets with sharpness ∼ 4 µm [41]. This drives the gas at a wide range of wavenumbers (k . 0.5 µm−1 or k/kF . 0.15)
simultaneously. The sound wave amplitude ∆n/n was deliberately kept below 10% to ensure that the response is in the linear
regime and the local velocity v = (∆n/n) c is smaller than the critical velocity.
Thermal conductivity and Prandtl number. Within hydrodynamics, the change in the energy of a sound wave is given by
E˙ = −Dk2E with D = 4η/(3ρ) + α2c2κT/(ρc2P ) [49]. Here α = (1/V )(∂V/∂T )|P is the thermal expansivity and ρ = mn
is the mass density. The scale invariance of the unitary Fermi gas implies c2 = 5P/(3ρ) and cP = 5Pα/(2ρ) [13], which
simplifies the sound diffusivity to D = 4η/(3ρ) + 4κT/(15P ), valid at all temperatures above Tc. Below Tc, coupling to the
second sound increases the contribution from viscosity by ∼ 30% for the unitary Fermi gas [47].
Our measurements of the sound diffusivity constrain the value of the viscosity and thermal conductivity according to D =
Dη + Dκ, where Dη = 4η/(3ρ) and Dκ = 4κT/(15P ). We calculate the thermal conductivity κ (Fig. 5A) and Prandtl
number Pr = cP η/κ (Fig. 5B) using the measured sound diffusivity, the experimental equation of state [18], and a theoretical
calculation for the shear viscosity η above Tc [21], performed within the same framework that gave excellent agreement with
the experimental equation of state [18]. Similar to the sound diffusivity and viscosity, the thermal conductivity increases with
temperature as T 3/2 for T  TF. The solid black line in Fig. 5A shows the limiting behavior κ/(nkB) = 10.38 (~/m) (T/TF)3/2
for the thermal conductivity at high temperatures [23], which captures our data well without any free parameters.
The Prandtl number, Pr, quantifies the relative importance of viscosity and thermal conductivity for the attenuation of sound in
fluids. For compressible fluids such as air, both the viscosity and the thermal conductivity play an important role in the diffusion
of sound, resulting in Pr being close to unity. In contrast, for incompressible fluids such as water, thermal gradients associated
with sound waves are minimal, resulting in a Pr  1. The unitary Fermi gas is a compressible fluid, whose Pr is predicted to
reach the classical limit of 2/3 at high temperatures [23]. Our data indeed approach this value at high temperatures. We find the
Pr to be significantly below 1 at all temperatures, excluding the existence of a relativistic conformal gravity dual of the unitary
Fermi gas [61].
A B
FIG. 5. Thermal conductivity and Prandtl number. For temperatures comparable to the Fermi temperature (T ∼ TF), the thermal conduc-
tivity (A; κ/(nkB), normalized by ~/m; blue circles) approaches the expected high temperature scaling T 3/2 (solid black line) as the Prandtl
number (B; Pr; blue circles) approaches the predicted high temperature value of 2/3 (solid black line). The orange dashed line in both A and
B are theoretical predictions calculated in the framework of kinetic theory [23].
The response function χ and its normalization. The response function χ relates the perturbations in a fluid’s number density
to the applied external potential, δn(ω, k) = χ(ω, k)V (ω, k) [47]. With knowledge of χ, the density response of a fluid to an
arbitrary external perturbation can be calculated via a Fourier transform, δn(t, x) =
∫
dω′
2pi e
−iω′t ∫ dk
2pi e
−ikx χ(ω′, k)V (ω′, k).
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FIG. 6. Weight of the first-sound mode in χ. (A) Integral over the density response I1(k) =
∫
dω δn(ω, k)/ω for even (red triangles)
and odd (green square) modes. They are fit with a Gaussian function (solid lines) which models the drive V0(k). (B) The weight of the first
sound in the density response function W1(k) =
∫
dω Im[χ(ω, k)]/ω calculated from the measured I1 and the modelled drive potential,
W1(k) = I1(k)/V0(k).
For example, the density response to a sinusoidal drive V (ω′, k) = −ipiV0(k) (δ(ω′ + ω)− δ(ω′ − ω)), with frequency ω and
amplitude V0(k), is
δn(t, k) = V0(k) sin(ωt)Re[χ(ω, k)]− V0(k) cos(ωt)Im[χ(ω, k)].
Similar to a classical harmonic oscillator, the in-phase and out-of-phase density responses are proportional to Re[χ] and Im[χ]
respectively, providing an experimentally convenient tool to measure the density response function. Data shown in Fig. 2
were taken after 30 complete cycles of the sin(ωt) drive, which was found to be sufficiently long to reach a steady state at all
frequencies and temperatures studied.
In the vicinity of a sound mode (ω ∼ ck), the response of the fluid can be well modeled by a damped driven harmonic
oscillator with a resonance frequency ω0 = ck and damping rate Γ [47]. The equation of motion of a harmonic oscillator implies
a response function χ ∼ 1/ (ω2 − ω20 + iΓω) whose imaginary part, Im[χ] ∼ 1/((ω − ω0)2 + Γ2), has a Lorentzian peak with
full-width-at-half-maximum Γ centered at ω = ω0.
In general, the response function χ for a unitary Fermi gas is given by two-fluid hydrodynamics, as discussed in Refs. [47,
48, 64]. Fixing k, the function Im(χ(ω, k))/ω contains in general two peaks: one is centered at the first-sound resonance,
corresponding to predominantly density waves. The second peak is present when thermal gradients can cause density gradients,
which occurs for non-zero expansivity α or equivalently for a specific heat ratio cP /cV 6= 1. In the normal state, the second
peak occurs at zero frequency, corresponding to purely diffusive heat transport coupled to density. In the superfluid regime, this
peak moves to finite frequency, corresponding to the emergence of second sound. It is predominantly (for cP /cV not far from
1) a temperature wave that propagates ballistically [65, 66].
An exact sum rule relates the integral of Im(ω, k)/ω to the isothermal compressibility [47, 64]. The integral W1 =∫
dω Im[χ(ω, k)]/ω over only the first-sound peak is npi/(2mc2), related to the speed of sound and thus the isentropic compress-
ibility, independent of the wavenumber. We verify this ‘first sound sum-rule’ in Fig. 6 and utilize it to calibrate the amplitude
V0(k) of the drive. The measured out-of-phase density response (Fig. 2C and Fig. 3A) is given by δn(ω, k) = Im[χ(ω, k)]V0(k).
The weight of the first-sound mode is calculated from the density response, W1 =
[∫
dω δn(ω, k)/ω
]
/V0(k) ≡ I1/V0(k),
where I1 is the integral over the δn (Fig. 6A). We model the shape of the potential wall V0(x) by a Gaussian function with a
width σ such that V0(k) ∼ exp
[−k2σ2/2]. To account for the slight asymmetry between the two endcap potentials, we use
σ = 4.4(1)µm and 3.2µm for the even and odd modes, respectively, acquired from Gaussian fits to I1. The calculated weight
W1(k) (Fig 6B) is independent of the wavenumber to within the standard error of the measurements. By requiring the average
value of W1(k) to be npi/(2mc2), we calibrate the amplitude of V0(k) and normalize Im[χ] shown in Fig. 3A.
